Featured Application: Recovery of gold from secondary wastes.
Introduction
Nearly 25 years ago, Iijima began considering carbon nanotubes [1] . After this time, scientists began finding applications (including but not excluding: medicine, drug delivery, solar cells, electronics) for carbon nanotubes technologies in different configurations (single and multi-walled carbon nanotubes, functionalized carbon nanotubes) and for different purposes due to their properties including mechanical strength, aspect ratio and electrical and thermal conductivity. As recent literature has indicated, these nanomaterials are unconditionally considered as suitable adsorbents in the treatment of waters and in the recovery and separation of metal species from aqueous solutions [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] Referring to gold adsorption, little information is available using this nanotechnology, despite the fact of the importance and price (reaching USD1244 per ounce barrier as at 16th July 2018) of this metal and its presence in aqueous solutions coming from the processing of ores (alkaline cyanide medium) or jewelry scraps and printed circuit boards (PCBs) (acidic chloride medium). The reference [13] mentioned in the manuscript title about "prerequisites of carbon nanotubes to adsorb gold(III)", though then in the text and conclusions not special mention to such requisites were given, the second reference on the topic is about the adsorption of Cr(VI) and Au(III) onto oxidized multiwalled carbon nanotubes [14] .
Due to this lack of recent information, in the present investigation, the adsorption of gold from these two aqueous media (alkaline cyanide or acidic chloride) by multi-walled carbon nanotubes was considered. The aim was to optimize various operational parameters and, thus, obtain efficient carbon nanotubes processing.
Experimental

Reagents and Solutions
The multi-walled carbon nanotubes were obtained from Fluka and their main characteristics are summarized in Table 1 . Further characterization of the carbon nanotubes, including zero potential and Micro-Raman spectra are described elsewhere [15] . Other chemicals used were AR (analytical reagent) grade, except the complex KCu(CN) 4 , which was prepared according to the literature [16] . Gold cyanide solutions were prepared by dissolving KAu(CN) 2 in distilled water. The different concentrations used in the experiments were prepared from a stock solution of 0.1 g/L gold(I). The pH of the solution was adjusted by the addition of hydrochloric acid or sodium hydroxide solutions. During the experiments, the pH was continuously controlled using a 605 pH-meter (2000, Crison, Madrid, Spain). In acidic chloride media, the gold(III) solutions were prepared in a similar manner using HAuCl 4 . 
Gold Adsorption Measurements
The adsorption experiments were carried out using a glass reactor with mechanical (27 mm diameter four blades impeller) stirring. The desired gold solution (100 mL) was put into the reactor and to this the corresponding amount of the multi-walled carbon nanotubes was added. The elution experiments were carried out in a similar device, putting together the gold-loaded carbon nanotubes and the elution phase.
Gold or metal concentrations in the aqueous solution were analyzed by atomic absorption spectrometry, using a Perkin Elmer 1100B spectrophotometer (wavelength 242.8 nm, 1993, Perkin Elmer, Oxford, UK). The percentage of metal adsorption was calculated by the difference between the initial metal concentration and the corresponding one encountered in the solution at elapsed times. SEM and Energy Dispersive X-ray Spectrodcopy (EDS) analyses were carried out in a Hitachi S-4800 equipment (2009, Hitachi, Osaka, Japan).
Results and Discussion
Carbon Nanotubes Characterization
As it is mentioned in Section 2.1, the characterization of the carbonaceous material used in the present work was described elsewhere [15] , though for the benefit of the readers of the present work Appl. Sci. 2018, 8, 2264 3 of 11 some data were included here. This material presented an isoelectric point of 3.6, whereas Raman data are summarized in Table 2 . The I D :I G value obtained for these multiwalled carbon nanotubes is 1.34, indicating the presence of little defects in their structure.
Gold Adsorption from Cyanide Media
The literature remarks that the gold(I) cyanide complex is adsorbed predominantly onto activated carbon as an ion pair [17] , thus similarly, at neutral-alkaline pH values, the adsorption of gold(I) cyanide by the carbon nanotubes may be broadly represented by the general equilibrium:
which is, as is demonstrated below, pH-dependent; aq and NTb denote species in the aqueous and carbon phases, respectively, and M being the accompanying metal.
Influence of Stirring Speed of the Aqueous Phase
In all of the adsorption experiments, a stirring speed of 600 min −1 was used for the aqueous phases. Previous experiments, carried out with an aqueous phase containing 0.01 g L −1 gold(I) at pH 8 ± 0.1, and a carbon nanotube dosage of 1 g L −1 , showed that the maximum percentage of gold(I) removal becomes virtually independent (40 % after 2 h) of the stirring speed in the 500-1000 min −1 range, which also indicates that a minimum value of the thickness of the aqueous phase boundary layer is reached. Thus, a stirring speed of 600 min −1 was used in subsequent experiments. Figure 1 shows the results obtained for the adsorption of Au(CN) 2 − at various aqueous pH values.
Effect of Aqueous pH Value
The carbon nanotubes dosage used in the experiments was of 2 g L −1 . The aqueous phase contained 0.01 g L −1 of gold(I) at various pH values. The results shown in Figure 1 demonstrate that the variation of the aqueous pH value increases the removal of gold when these pH values are shifted towards more acidic values. It should be noted here that the gold(I)-cyanide complex is stable even at acidic pH values and only decomposes at these low pH values after a long time (several hours) to yield a yellow AuCN solid. The experimental values obtained at pH 13 were used to estimate the rate law in the adsorption of gold(I) by these multiwalled carbon nanotubes, experimental data best fitted to the film-diffusion controlled mechanism (r 2 : 0.9542):
where F is the factorial approach to the equilibrium, defined as:
where [Au] nt,t and [Au] nt,e are the gold concentration in the nanotubes at an elapsed time t and at equilibrium, respectively, and k is the rate constant (0.59 min −1 ).
where [Au]nt,t and [Au]nt,e are the gold concentration in the nanotubes at an elapsed time t and at equilibrium, respectively, and k is the rate constant (0.59 min −1 ). 
Effect of Temperature
Aqueous solutions containing 0.01 g L −1 gold(I) at pH 13 ± 0.1 were used to investigate the effect of this variable on gold(I) adsorption. The adsorbent dosage was 2 g L −1 and the temperature was varied from 20 to 60 • C. From the results presented in Table 3 , it can be shown that the increase in the temperature leads to a decrease in metal adsorption. From the D (distribution coefficient) value, defined as:
and plotting log D versus 1/T, the slope indicated that the adsorption reaction has an exothermic character (∆Hº = −13 kJ mol −1 ) and the intercept that ∆Sº is −50 J mol −1 K −1 . In the above reaction, [Au] nt,e and [Au] s,e are the gold equilibrium concentrations in the nanotubes and in the solution, respectively. From the values of the enthalpy and the entropy values, the value of ∆Gº was calculated as −28 kJ mol −1 . The negative energy value indicated a spontaneous adsorption, whereas the negative entropy change is an indication of a decreased randomness at the solid/liquid interface during the adsorption process. 
Effect of the Aqueous Phase/Adsorbent Relationship on Gold Removal
In Table 4 , the gold percentage of adsorption, at different aqueous phase/adsorbent relationships, is given in order to study the effect of this variation on gold(I) adsorption. Experiments were carried out at a constant pH value of 13 ± 0.1. Aqueous phases contained 0.01 g L −1 gold(I). The results obtained reveal an important change in the metal adsorption at lower aqueous phase/adsorbent relationships, since this adsorption is in the 90% range when the lowest relationships are used against recoveries of about 30%, obtained when the above relationship is 4000. In this same Table, the metal uptake is also given, showing the increase of this value as the ratio liquid/solid is increased. The values in Table 4 were used to estimate the loading isotherm, the fit of the experimental data responded best to the Langmuir isotherm but with a discrete r 2 value of 0.8338.
Separation of Gold (I) from Metal-Cyanide Complexes
In order to investigate the effect of other metal-cyanide complexes accompanying Au(CN) 2 − , a study was carried out about their interference with the overall transport of gold(I). The metal-cyanide complexes studied, Cu(CN) 4 (4), the values of the separation factors Au(I)/M, defined as
are summarized in Table 5 and show the excellent possibilities, β values greater than 1, of these nanomaterials to separate gold(I) from these others accompanying metals in the solution. 
Gold Adsorption from Chloride Media
The adsorption of Au(III) from HCl solutions by the multi-walled carbon nanotubes was also investigated. The adsorption equilibrium can be firstly described by the next general reaction:
where aq and Ntb represent the aqueous and solid phases, respectively. However, there is evidence of reduction of gold(III) to metallic gold, as the SEM image shows ( Figure 2 ). As it is observed from this figure, dark particles appeared on the gold-loaded carbon nanotubes. These particles are of metallic gold as the EDS spectrum ( Figure 3) showed two peaks at 9.7 keV (Lα) and 2.1 keV (Mα) characteristic of metallic gold. Very probably this reduction occurs on the carbon surface [17] , being the reactions involved in the metal reduction:
if the gold(III) reduces directly to metallic gold, or:
if the reduction occurs via the formation of the AuCl 2 − intermediate. In any case, the source for the electrons is the carbon nanotube:
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Influence of the Stirring Speed in the Aqueous Phase
Experiments were performed to establish adequate hydrodynamic conditions. The adsorption of gold(III) was studied as a function of the stirring speed on the aqueous phase solution side and the results obtained are shown in Figure 4 . Near constant adsorption for stirring speeds in the 500- 
Experiments were performed to establish adequate hydrodynamic conditions. The adsorption of gold(III) was studied as a function of the stirring speed on the aqueous phase solution side and the results obtained are shown in Figure 4 . Near constant adsorption for stirring speeds in the 500-750 min −1 range was obtained. Consequently, the thickness of the aqueous diffusion layer and the aqueous resistance to mass transfer were minimized. The diffusion contribution of the aqueous species to the mass transfer process was assumed to be constant. A stirring speed of 500 min −1 was maintained throughout all the investigation for the aqueous phase. The decrease of the percentage of gold(III) adsorption at stirring speeds above 750 min −1 is attributable to excessive speed resulting in local gold(III)-carbon nanotubes equilibrium, thus, decreasing the value of the percentage of the removal of this precious metal from the aqueous solution. 
Influence of Temperature
Experiments were performed to investigate the effect of this variable on gold(III) adsorption with an aqueous solution containing 0.005 g L −1 gold(III) at 0.1 M HCl and a carbon nanotubes dosage of 0.25 g L −1 . From the results obtained, it is shown that the increase of the temperature from 20 to 60 °C had no effect on gold adsorption, reaching 92 % after 30 min, in any case. However, the time to reach this maximum adsorption is temperature dependent ( Figure 5 ). 
Influence of the Carbon Nanotubes Dosage
A series of experiments were performed using aqueous solutions containing 0.005 g L −1 gold(III) and 0.1 M HCl, whereas the carbon nanotubes dosage was varied from 0.05 to 0.5 g L −1 , in order to investigate the influence of this variation on gold(III) adsorption. Table 5 shows the 
Influence of Temperature
Experiments were performed to investigate the effect of this variable on gold(III) adsorption with an aqueous solution containing 0.005 g L −1 gold(III) at 0.1 M HCl and a carbon nanotubes dosage of 0.25 g L −1 . From the results obtained, it is shown that the increase of the temperature from 20 to 60 • C had no effect on gold adsorption, reaching 92 % after 30 min, in any case. However, the time to reach this maximum adsorption is temperature dependent (Figure 5) . 
Influence of the Carbon Nanotubes Dosage
A series of experiments were performed using aqueous solutions containing 0.005 g L −1 gold(III) and 0.1 M HCl, whereas the carbon nanotubes dosage was varied from 0.05 to 0.5 g L −1 , in Figure 5 . Influence of temperature on gold(III) adsorption. The F values were calculated as in Equation (3).
A series of experiments were performed using aqueous solutions containing 0.005 g L −1 gold(III) and 0.1 M HCl, whereas the carbon nanotubes dosage was varied from 0.05 to 0.5 g L −1 , in order to investigate the influence of this variation on gold(III) adsorption. Table 6 shows the variation of the percentage of gold adsorption and metal loading for different carbon nanotubes dosages. This shows that the increase of the amount of carbon nanotubes added to the solution increased the percentage of metal adsorbed onto the nanotubes. 
Influence of the Initial Hydrochloric Acid Concentration
The variation in adsorption, as a function of the initial acid concentration, at 1 g L −1 carbon nanotubes dosage, has been studied when the aqueous phase contained 0.005 g L −1 gold at different HCl concentrations. The results are shown in Table 7 , in which a near quantitative gold adsorption occurs at every initial HCl concentration and 2 h of contact between the aqueous solution and the adsorbent; though at shorter contact times, i.e., 30 min, an order in the sequence 0.1 M > 1 M> 10 M HCl was obtained and this is probably due to the existence of the HAuCl 4 species in the aqueous phase at higher HCl concentrations, against the presence of AuCl 4 − species, at the more dilute hydrochloric acid solutions, which is more readily adsorbed than the former. (Table 8) , it is inferred that gold was preferably adsorbed over these base metals. The selectivity with respect to gold seems to be enough to separate this precious metal selectively from the base metals. (4) and (5), respectively.
Adsorption Kinetics
To investigate the adsorption rate of both gold(I) and gold(III) onto the carbon nanotubes, the pseudo-first and pseudo-second order rate equations were used to fit the experimental data. The calculations concluded that the pseudo-second order model [18] ,
best fits to the experimental data both for the Au(I) and Au(III) systems. In this equation, k 2 is the rate constant, and [Au] r,t and [Au] r,e are the gold concentrations in the nanotubes at an elapsed time t and at equilibrium, respectively. Thus, the rate constants were estimated as 0.72 g mg −1 min −1 (r 2 = 1.000) for gold(I) and 0.014 g mg −1 min −1 (r 2 = 0.9997) for gold(III). These data suggest that chemical adsorption also contributes to physical adsorption to the overall metal adsorption onto the multi-walled carbon nanotubes [19] .
Elution
After the adsorption of the metal onto the adsorbents, the next step should be the recovery of the metal from the adsorbent for a final recovery or dumping step. This desorption step, also called the elution step, is of equal importance as the adsorption step [20] , though it is sometimes neglected by authors in their publications, i.e., References [2, 7, 12, 21, 22] .
In the present investigation and in the case of gold(I), besides the methods described in the literature for gold desorption or elution from gold-loaded activated carbon [17] , the elution of this element from the loaded carbon nanotubes can be accomplished using acidic thiourea solutions (1 g L −1 thiourea in 0.1 M HCl), reaching yields of near 65% of gold recovery (batch experiments at 20 • C and a volume of eluant/weight of gold-loaded carbon nanotubes relationship of 200) after 15 min of contact of the gold-loaded nanotubes and the eluant.
In the case of gold(III) and due to the presence of metallic gold in the nanotubes, the elution step may be considered as a dissolution problem rather than a true elution step. Thus in this case, the removal of gold from the nanotubes may be accomplished by the use of aqua regia, which dissolves the gold particles and renders a concentrated and pure gold solution from which gold can be recovered as gold nanoparticles (Figure 6 ), accordingly with the procedure described in the literature [23] .
In the case of gold(III) and due to the presence of metallic gold in the nanotubes, the elution step may be considered as a dissolution problem rather than a true elution step. Thus in this case, the removal of gold from the nanotubes may be accomplished by the use of aqua regia, which dissolves the gold particles and renders a concentrated and pure gold solution from which gold can be recovered as gold nanoparticles (Figure 6) , accordingly with the procedure described in the literature [34] . 
Conclusions
The experimental results indicate that it is possible to use multi-walled carbon nanotubes to remove Au(CN) 2 − species at alkaline pH values. The adsorption of this anionic species is influenced by the aqueous pH values, enhancing the metal adsorption as the pH shifted to more acidic pH values and the aqueous solution/adsorbent relationship decreased its value. From the experimental data, the reaction enthalpy was estimated as −13 kJ mol −1 , indicating an exothermic adsorption reaction. From acidic chloride media, this adsorbent can also be used to remove gold(III) at HCl solutions, retarding the adsorption as the initial aqueous acidity is increased. In this medium, the percentage of gold(III) adsorption is near quantitative after 1 h contact.
Moreover, a carbon-based nanotube technology has been developed for the recovery of gold from solutions obtained from the hydrometallurgical treatment of solid wastes and its separation from common and less valuable accompanying metals in the two aqueous media. Investigations in continuous mode (columns) will be further necessary to gain final knowledge of the performance of the carbon material (no loss of the adsorptive or elution properties) under several cycles of use.
Gold is finally rendered as zero valent gold nanoparticles.
